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ABSTRACT 

Corten  A588  steel  is  a  high  strength  low  alloy  structural  steel  having  0.19%  wt  of  carbon  content.  It  has  good  corrosion 
resistance  when  exposed  to  extreme  atmospheric  conditions.  Corten  steel  weighs  less  than  other  grades  of  carbon  steel 
without  compromising  its  strength.  Corten  A588  is  mainly  used  in  building  railway  wagons.  In  rail  coach  manufacturing 
arc  welding  process  GTAW  is  carried  to  make  permanent  joints  using  ER70S-6  filler  rod.  Lack  of  fusion,  lack  of 
penetration,  and  lack  of  porosity  are  the  major  problem  in  welding  corten  A588  grade  steel.  In  this  research  work,  micro 
structural  and  metallurgical  properties  on  Corten  A588  Grade  Steel  of  GTAW  joints  is  evaluated. 
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INTRODUCTION 

Weathering  steel  is  atmospheric  corrosion  resistant  steel  having  a  unique  function  of  rust  curing  rust.  When  corten 
steel  is  exposed  without  painting  to  atmosphere,  it  starts  rusting  same  like  ordinary  steel.  But  fine  textured  tight 
protective  rust  formed  due  to  the  alloying  elements  suppresses  the  corrosion  rate.  This  unique  property  makes  corten 
steel  to  be  used  for  various  applications  without  paint.  The  service  life  of  corten  steel  is  increased  when  painted  than 
that  of  ordinary  steel  applied  with  coating. 

Corten  steel  is  paintable  same  like  ordinary  steel.  The  progress  in  the  rusty  area  formed  due  to 
painting  defects  in  painted  corten  steel  will  be  suppressed.  Corten  steel  has  been  used  in  various  applications 
like  bridges,  railway  coaches,  buildings  etc.  Rust  stabilization  treatments  on  corten  steel  reduce  the  life  cycle 
cost  and  environmental  problems  in  many  applications.  The  cheering  reddish  brown  color  of  the  protective 
rust  gives  an  aesthetic  advantage.  The  extraordinary  appeal  makes  corten  steel  to  be  used  in  sculptures, 
architectural  and  outdoor  construction  application. 

Corten  steels  can  be  welded,  cold  and  hot  formed  and  gas  cutting  same  as  that  of  ordinary  steel.  The  alloying 
elements  of  corten  steel  like  copper  (Cu),  Chromate  (Cr)  is  added  to  improve  weathering  resistance.  The  carbon 
content  is  kept  very  low  to  provide  good  quality  weld.  Corten  steel  can  be  welded  using  Metal  active  gas  (MAG),  Gas 
metal  arc  (GMAW),  Gas  tungsten  arc  (GTAW),  submerged  arc  welding. 

Corten  A588  steel  or  weathering  steel  is  being  widely  used  in  the  areas  such  as  construction  of  bridges,  walls, 
roofs,  towers  and  also  in  several  architectural  applications.  Corten  A588  Grade  steel  is  a  high  strength  low  alloy  steel 
(HSLA)  which  constitutes  copper,  chromium,  nickel,  phosphorous  and  silicon.  The  Phosphorous  and  Silicon  that  are 
present  in  Corten  A588  Grade  steel  are  responsible  for  enhancing  the  corrosion  resistant  properties.  After  the 
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prolonged  exposure  to  the  atmosphere  the  compact  adherent  protective  rust  layer  (patina)  is  formed  over  the  steel  surface 

which  in  turn  effectively  protects  the  corrosion. 

Kihira’s  et  ah,  (1990)  research  reveals  that  the  protective  patina  layer  is  a  dual  layer  where  crystalline  FeOOH  is 
formed  on  the  top  surface  and  amorphous  iron  hydroxide  is  formed  beneath  the  surface.  Desmond  observes  the  nano-phase 
goethite  particles  (FeOOH)  which  is  lesser  than  15  nm  and  magnetic  goethite  particle  (FeOOH(m))  greater  than  15  nm  on 
corten  A588  steel  surface.  This  is  formed  due  to  the  substitution  of  chromium,  adhered  to  inner  oxide  layer  and  adjacent  to  the 
substrate  to  form  a  diaspore  structure. 

However,  the  black  color  formation  during  welding  process  and  prolonged  interaction  of  water  (water  pockets)  with 
corten  A588  steel  surface  restricts  its  wide  range  of  applications.  In  addition,  the  phase  changes  in  the  corten  A588  steel 
surface  during  the  welding  process  influences  the  corrosion  and  erosion  process  which  reduces  the  mechanical  properties.  For 
a  longer  run  i.e.  for  4  to  8  years  Corten  A588  grade  steel  starts  to  corrode  thereby  becoming  fatigue  due  to  adverse 
environmental  factors 

LITERATURE  REVIEW 

R.  Ravichandran  (2013)  in  his  research  work  identified  that  the  internal  residual  stress  induced  and  galvanic  /  bimetallic 
corrosion  are  the  major  problems  in  the  railway  industry.  Choosing  of  filler  material  for  welding  of  mild  steel  to  Corten  steel 
and  stainless  steel  to  corten  steel  is  another  major  issue.  In  his  research  he  has  addressed  some  of  the  problems  faced  during 
welding  like  carbide  precipitation  /  sensitization  (weld  decay)  /  intergranular  corrosion,  hot  cracking  (solidification  cracking), 
heat  tints,  dis-colorization.  Balamurugan.  S  et.al  (2015)  in  their  research  article  found  that  a  microstructure  of  corten  steel  had 
a  combination  of  ferrite  and  carbide  inclusion.  The  micro  hardness  of  the  coarse  grained  HAZ  (CGHAZ-  just  adjacent  to  the 
weld  metal  region)  is  148  HVN  and  that  of  Fine  grained  HAZ  (FGHAZ-  very  close  to  the  base  metal  region)  is  162  HVN.  The 
base  material  (corten  steel)  has  a  hardness  of  142  HVN. 

Byju  John,  Sathiya  Paulraj,  Jolly  Mathew  (2016)  in  their  research  work  found  that  the  cooling  rate  of  shielding  gas 
having  high  percentage  of  Argon  90%  and  above  had  better  results.  Welding  of  corten  steel  using  Argo  shield  (80%  Ar  -  20% 
C02)  had  better  depth  of  weld  penetration  and  uniform  weld  bead.  The  microstructure  like  acicular  ferrite  has  formed  which 
improves  the  corrosion  resistance,  strength  and  toughness  of  the  weld.  Jianping  Niu  et.al  (2015)  in  their  research  work 
summarized  that  the  applications  of  corten  steel  that  has  been  extended  to  rail  industry,  shipping  containers,  construction  etc. 
weathering  steel  is  manufactured  by  two  methods.  The  first  process  is  the  hot  cast  billet  is  hot  rolling  process  and  the  second 
process  is  continuous  casting  and  rolling  process 

R.  Megavarnan  et.al  (2019)  has  summarized  in  the  tensile  strength  along  the  grain  direction  was  508.11  Mpa  and 
perpendicular  to  the  grain  flow  is  449.47  Mpa.  During  Root  and  face  bend  test  there  were  no  signs  of  cracks  at  the  weld  zone.  The 
micro  hardness  on  the  parent  metal,  heat  affected  zone  and  the  weld  zone  was  about  181,  186  and  190  HVN  respectively.  The 
microstructure  of  the  parent  metal  is  of  uniform  grain  size  of  ferrite  with  lean  pearlite.  At  the  heat  affected  zone  the  microstructure 
reveals  coarse  grain  structure  of  ferrite  and  lean  pearlite.  Dendrite  microstructures  were  formed  in  the  weld  zone. 

S.  Ravikumar  et.al  (2017)  has  concluded  in  their  research  article  that  the  ultimate  tensile  strength  of  546.76  N/mm2 
and  maximum  displacement  of  10.27  mm.  The  maximum  micro  hardness  of  the  weld  zone  is  211.8  HVN.  The  maximum 
hardness  at  the  heat  affected  zone  and  the  base  metal  is  201.5  and  153.9  HVN  respectively.  The  micro  structure  of  the  parent 
metal  is  uniform  grains  of  pearlite  in  ferrite  matrix.  Fine  chromium  carbides  are  also  dispersed  in  the  ferrite  matrix. 
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Recrystallised  grains  of  perlite  in  formed  in  the  ferrite  matrix  having  grain  size  varying  from  25-30  microns.  Finer  dendrite 
patters  are  formed  in  the  weld  zone  due  to  rapid  cooling  from  liquidous  to  solids  state. 

CORTEN  A588  GRADE  STEEL 

Weathering  steel  is  also  known  as  Corten  steel  which  is  a  high  strength  low  alloy  steel  (HSLA)  which  contains  low 
percentage  carbon  in  it  [2],  It  forms  rust  on  the  layer  which  is  called  a  patina  [7],  It  varies  with  ordinary  steel  by  the 
addition  of  copper,  chromium  and  nickel  alloying  elements.  Corten  steel  has  a  high  resistance  to  corrosion.  Corrosion 
of  Corten  steel  mainly  depends  on  oxygen  and  moisture.  Patina  acts  as  the  protective  barrier  layer  that  reduces 
corrosion  and  further  damage  caused  by  access  of  oxygen,  moisture  and  contaminants.  It  is  mostly  used  in  railway 
wagons,  transmission  towers  etc  [1].  It  weighs  less  than  other  grades  of  low  carbon  steel  without  a  reduction  in 
strength.  The  average  Vickers  hardness  of  Corten  A588  Grade  steel  is  174  HVN  for  a  load  of  lOOgms.  The  base 
material  is  cut  in  1  x  1  x  0.2  cm  by  using  a  shear  cutting  process.  The  chemical  composition  of  Corten  A588  Grade 
Steel  as  shown  in  tabled 


Table  1:  Chemical  Composition  of  Corten  A588  Grade  Steel 


Elements 

Composition  (%) 

C 

0.12 

SI 

0.298 

Mn 

0.391 

P 

0.087 

S 

0.013 

Cr 

0.546 

Ni 

0.218 

Cu 

0.302 

FILLER  MATERIAL:  (ER70S-6) 

ER-An  electrode  is  a  mild  steel  solid  wire  which  is  used  for  making  higher  strength  and  proper  weld  joints. 70-  A  gives  a 
minimum  of  70000  pounds  of  tensile  strength  per  square  inch  of  weld.  S-solid  wire  has  a  good  amount  of  deoxidizing 
agent,  cleaning  agent  and  copper  coating  on  the  electrode  [7].  In  order  to  weld  corten  A588  Grade  steel  CO2  and  Ar  gas 
mixture  is  used  as  shielding  gas  [5],[1],[6].  Lack  of  porosity,  Corrosion  on  the  heat  affected  zone  and  lack  of  fusion  are  the 
common  problems  that  arise  during  welding  of  corten  A588  Grade  steel  plate.  The  chemical  composition  of  filler  material 
as  shown  below  in  table  2 


Table  2:  Chemical  Composition  of  Filler  Material  (ER70S-6) 


Elements 

Composition  (%) 

C 

0.1 

Si 

0.8 

Mo 

0.12 

S 

0.03 

Cr 

0.15 

Ni 

0.13 

Cu 

0.5 

EXPERIMENTAL  WORK 

Gas  Tungsten  Arc  Welding  (GTAW)  is  a  type  of  arc  welding  process  in  which  the  electrode  is  non-consumable.  To  make  a 
permanent  weld  joint  by  GTAW  process  ER70S-6  is  used  as  filler  wire.  The  weld  fusion  zone  is  protected  from  the 
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oxidation  by  using  Carbon  dioxide  and  argon  as  shielding  gas  during  GTAW  welding  process.  Corten  A588  Grade  steel 

plate  is  cut  into  300  x  150  x  2  mm  by  using  shear  cutting  process.  Table  3  below  shows  the  welding  parameters  used  for 

preparing  corten  A588  Grade  steel  GTAW  joints. 


Table  3:  Welding  Parameters 


Types  of  Welding 

GTAW 

Current(A) 

174 

Voltage(V) 

18 

Filler  wire 

ER70S-6 

Filler  rod  diameter(mm) 

3 

Shielding  gas 

Argon 

Gas  flow  rate(nrVsec) 

80/2 

Root  gap(mm) 

2 

Time  taken  (sec) 

64 

Weld  length(mm) 

150 

Weld  speed(mm/sec) 

2.34 

RESULTS  AND  DISCUSSIONS 

Hardness  Tests 

Vickers  hardness  testing  machine  model:  VM-50  is  used  to  find  the  micro  hardness  of  the  welded  joint  at  base 
material,  heat  affected  zone  and  weld  zone.  A  load  of  1kg  is  applied  for  time  duration  of  20  seconds  to  take 
hardness  survey  on  the  weld  joint.  The  transformation  of  structure  occurs  from  Austinite  to  ferrite  and  from  ferrite 
to  pearlite  with  some  martensite  formation  which  is  caused  during  excessive  hating  on  the  weld  zone  and  heat 
affected  zone  (HAZ).  The  hardness  on  the  heat  affected  zone  and  the  base  is  relatively  lower  than  the  welded  zone 
because  of  the  excessive  heat  absorbed  during  the  welding  process  [1],  [3].  The  average  Vickers  hardness  obtained 
at  the  weld  zone  is  247.75  HVN  which  is  higher  than  of  the  heat  affected  zone  which  is  225.25  HVN  and  for  the 
base  material  is  175.6  HVN.  During  the  welding  process  loss  of  some  alloying  elements  such  as  chromium  (Cr), 
Manganese  (Mn)  and  Nickel  (Ni)  occurs  due  to  melting  and  evaporation.  The  Vickers  hardness  survey  of  Corten 
A588  Grade  steel  GTAW  joint  is  shown  in  table  4  and  Figure  1  shows  the  hardness  survey  graph  of  the  Corten 
A588  Grade  steel  GTAW  joint. 


Table  4:  Vickers’s  Hardness  Test  of  GTAW  Joint 


Location 

Distance 

Hardness  HVN  (1kg) 

Weld  Metals  Towards  Left  Side 

1 

183 

2 

194 

3 

226 

4 

235 

5 

251 

6 

257 

Weld  Centre 

7 

243 

Weld  Metals  Towards  Right  Side 

8 

240 

9 

236 

10 

204 

11 

172 

12 

164 

13 

165 
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Figure  1:  Vickers  Hardness  Graph  of  CortenA588  Grade  Steel  GTAW  Joint. 


Microstructure 


The  microstructure  of  base,  HAZ  and  weld  zone  of  Corten  A588  Grade  steel  GTAW  Joints  is  observed  using  optical 
metallurgical  microscope  at  a  magnification  of  200  X  as  shown  in  Figure  2.  Grains  are  elongated  along  rolling  direction  on 
the  base  material.  The  grain  sizes  of  the  ferrite  in  the  base  metal  is  25  to  30  microns  as  shown  in  figure  2(a). 

After  GTAW  welding  process  of  Corten  A588  Grade  steel  is  completed  the  weld  is  allowed  to  rapidly  cooled. 
This  produces  fine  grains  of  pearlite  with  precipitated  pearlite.  The  grain  size  of  the  ferrite  grains  present  in  HAZ  ranges 
from  15  to  20  microns  as  shown  in  figure  2(a).  The  grains  in  the  left  side  of  the  heat  affected  zone  shows  uniform  fine 
grains  with  15  to  20  micros  and  at  the  weld  zone  shows  dendritic  grains  with  varying  pools  of  ferrite  whose  grain  sizes 
ranges  from  30  to  40  microns  as  shown  in  from  figure  2(b).  There  is  no  distinct  interface  layer  between  weld  zone  and 
HAZ.  Bifurcation  of  these  zones  could  not  be  resolved  from  figure  2(c).  Rapidly  solidified  filler  metal  at  the  weld  zone 
produces  a  dendritic  pattern  of  grains  with  varying  pools  of  ferrite  whose  sizes  vary  from  30  to  40  microns  depending  on 
the  proximity  to  the  heat  affected  zone  as  shown  in  figure  2(c).  The  large  dendrite  grains  of  size  between  40  to  50  microns 
are  formed  at  the  core  weld  regions  as  shown  in  figure  2(d).  These  large  size  dendrides  are  formed  due  to  the  slow  cooling 
rate  at  the  core  weld  region. 


(c)  Weld  Zone  (d)  Weld  Zone 

Figure  2:  Microstructure  of  Corten  A588  Grade  Steel  GTAW. 
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FESEM  and  EDAX 

ED  AX  analysis  gives  all  the  elements  present  in  GTAW  welded  Corten  A588  Grade  steel  rendering  to  the  weight  and 
atomic  ratios.  The  concentration  of  Fe  on  the  grain  matrix  of  the  base  material  Corten  A588  Grade  steel  is  97.62% 
when  compared  to  other  elements  like  Cr,  Si  which  was  present  like  traces  which  is  about  1.49  and  0.89% 
respectively  as  shown  in  figure  3a.  But  EDAX  elemental  mapping  on  the  grain  boundaries  on  the  base  material  shows 
only  58.22%  of  Fe  and  36.84%  of  C  was  present  where  as  elements  like  Cr,  Mn  and  Ni  was  present  like  traces  which 
is  2.33,  1.58  and  0.03%  respectively  as  shown  in  figure  3b. 

EDAX  elemental  mapping  on  the  grain  boundaries  on  the  weld  zone  shows  only  81.85%  of  Fe  and  16.08% 
of  C  were  present  where  as  elements  like  Si,  Mn  was  present  with  traces  ranging  from  1.22,  0.86  %  respectively  as 
shown  in  figure  3c.  But  the  concentration  of  Fe  on  the  grain  matrix  at  the  weld  zone  is  97.82  %  when  compared  to 
other  elements  like  Si  and  Cr  which  was  present  like  traces  which  is  1.19  and  0.99  %  respectively  as  shown  in  figure 
3d,  when  welded  elements  like  chromium  (Cr),  Nickel  (Ni)  disappears  due  to  melting  and  evaporation. 


Figure  3:  FESEM  and  EDAX  of  Corten  A588  Grade  Steel  GTAW  Joint 
(a&b)  Base  Material  (EDAX  on  the  Grain  &  Grain  Boundary) 
(c&d)  Weld  Zone  (EDAX  on  the  Grain  &  Grain  Boundary). 


CONCLUSIONS 

The  average  Vickers  hardness  of  GTAW  Corten  A588  Grade  steel  at  the  weld  zone  is  247.75  HVN  which  is  much  higher 
than  of  the  HAZ  which  is  225.25  HVN  and  for  the  base  material  is  175.6  HVN. 

The  microstructure  of  Corten  A588  Grade  steel  on  the  weld  zone  has  large  dentric  structure  of  size  40  to  50 
microns  and  fusion  at  the  filler  metal  at  the  weld  zone  also  produces  a  dendritic  pattern  of  grains  size  30  to  40  microns  with 
varying  pools  of  ferrite.  There  is  no  distinct  layer  between  weld  zone,  HAZ  and  base  material  hence  bifurcation  of  these 
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zones  is  not  clear.  The  grain  size  of  the  ferrite  grains  present  in  HAZ  is  15  to  20  microns.  The  grains  at  the  base  material 
are  elongated  along  the  rolling  direction  and  having  grain  size  of  25  to  30  microns. 

The  welded  elements  like  chromium  (Cr),  Nickel  (Ni)  disappears  due  to  melting  and  evaporation.  Hence  the  Fe  on 
the  grain  matrix  at  the  weld  zone  is  97.82  %  when  compared  to  other  elements  like  Si  and  Cr  which  was  present  like  traces 
which  is  1.19  and  0.99  %  respectively  where  as  Fe  on  the  grain  matrix  of  the  base  material  Corten  A588  Grade  steel  is 
97.62%  when  compared  to  other  elements  like  Cr,  Si  which  was  present  like  traces  which  is  1.49  and  0.89%  respectively. 
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